C,N-Chelated organotin(IV) azides: synthesis, structure and use within click chemistry † analysis, mass spectrometry, IR spectroscopy, multinuclear NMR spectroscopy and, in the case of crystalline materials, XRD analysis. In addition, DFT calculations were carried out within the click chemistry reactions in order to corroborate the preferred formation of the respective tetrazolide regioisomer.
Introduction
The first organotin(IV) azides were prepared conveniently in the 1960s (i) by the reaction of organotin(IV) chlorides with NaN 3 1 or (ii) by the reaction of organotin(IV) amines with HN 3 . 2 In the solid state, these species have mainly polymeric structures via bridging azide groups. The majority of polymeric organotin(IV) ). Organotin(IV) azides, usually bearing bulky (organic) substituents, behave as monomeric species with tetrahedrally coordinated tin centers as demonstrated, for example, for (t-Bu) 3 SnN 3 and (t-Bu) 2 Sn(N 3 ) 2 7 or (Neo) 3 SnN 3 . 8 The presumed polymerization of (organo)tin(IV) azides may also be prevented by the formation of adducts with ligands containing donor atoms (such as O and N) as shown for Ph 3 and this area of chemistry is undergoing an exponential growth because of its benefits. 15 In fact, the well-known 1,3-dipolar azide-alkyne Huisgen cycloaddition can be considered as the first described ''click reaction''. 16 The aspects of click chemistry reactions have been investigated by theoretical methods as well. 17 To the best of our knowledge, the possible use of organotin(IV) azides in the [3+2] cycloaddition reaction with a nitrile was first described by Sisido et al. in 1971 . The first N-trialkyltin(IV)-5-substituted tetrazoles were thus prepared. 18 This chemistry has been further expanded mainly by Molloy The incorporation of a C,N-chelating ligand within a class of (organo)tin(IV) compounds gives rise to an intramolecular interaction between tin and nitrogen (i.e. the N-Sn coordination). As a consequence of this effect, these species usually tend to form monomeric molecular structures with mainly five-or six-coordinated tin centers. 20, 21 Synthesis, structural studies as well as possible applications of a plethora of C,N-chelated organotin(IV) halides and pseudohalides containing the 2-(N,Ndimethylaminomethyl)phenyl ligand have been reported up to now. [22] [23] [24] [25] [26] [27] [28] In this paper, we report on the expansion of the family of known monomeric tri-and diorganotin(IV) azides and their ability to undergo the [3+2] cycloaddition with nitriles or alkynes.
Results and discussion

Synthesis and general remarks
Six novel C,N-chelated organotin(IV) azides [i.e. L CN (n-Bu) 2 showing no signs of dinitrogen liberation upon heating up to 300 1C for one hour. On the other hand, these organotin(IV) azides react with hydrochloric acid to give corresponding organotin(IV) chlorides and hydrazoic acid as a volatile by-product. In general, the organotin(IV) pseudohalides bearing n-Bu substituent(s) could be isolated in higher yields (up to 85% in the case of 1), while the presence of the phenyl substituents or the second L CN moiety led to a significant decrease of the isolated yield (e.g. only 51% in the case of 6). A possible explanation is that the species bearing the n-Bu substituent(s) are easier to extract from the heterogeneous reaction mixture. Unfortunately, the attempted synthesis of the proposed C,N-chelated tin(IV) tris(azide) L CN Sn(N 3 ) 3 resulted in the formation of a mixture of several inseparable tin-containing compounds. The reactivity of prepared organotin(IV) azides 1 and 2 towards species containing either the CRN or the CRC bond (Schemes 2 and 3) has been studied within the scope of click chemistry. It is a well-known fact that the course of a click chemistry reaction can be promoted by addition of a Cu(I) catalyst 29 or by heating up the reaction mixture. 30 According to our findings, surprisingly, none of the studied click reactions could be promoted by the Cu(I) catalyst (i.e. CuI, a mixture of CuSO 4 and sodium ascorbate, 32 All reactions, except for the synthesis of 13 and 14, could be carried out in the air. When trying to crystallize species 14 from a chloroform solution, acidolysis (due to the action of the hydrochloric acid present in the solvent) occurred providing several single crystals of the corresponding 5-N,N-dimethylaminomethyl-1H-tetrazole 14a which were characterized by XRD analysis (see Fig. S4 and S5 in the ESI †). L CN Ph 2 SnCl was further identified as a side product by multinuclear NMR spectroscopy in the solution.
As discussed above, cyclooctyne proved to be more reactive in the studied click reactions than organic nitriles. On the other hand, when linear acetylenes (i.e. PhCRCPh, MeCRCMe and PhCRCH, respectively) were used instead of cyclooctyne, the formation of the target organotin(IV) triazolides, even when the reaction mixtures were heated to reflux for one week, was not observed. These reactivity issues were also investigated from a theoretical point of view (vide infra). In principle, the considered click chemistry reactions may result in the formation of a mixture of tetrazolide regioisomers as demonstrated in Scheme 2. Fortunately, exclusive formation of organotin(IV) 5-R-tetrazol-1-ides 7, 8, 13 and 14 was observed when a small (Me) or flexible (Me 2 NCH 2 ) substituent was bound to the nitrile moiety. As one would expect, organotin(IV) 5-R-tetrazol-2-ide regioisomers 9-12 were formed when nitriles bearing more bulky organic groups (t-Bu and Ph) were employed. These findings were the basis of additional DFT calculations (vide infra).
Spectroscopic studies
All 1 H NMR spectra of 1-6 were recorded in CDCl 3 (see Scheme S1, ESI † for the NMR numbering). Furthermore, in some cases (1 and 2), the NMR measurements were performed again in benzene-d 6 Table S1 and detailed NMR characterization in the ESI †). In principle, diorganotin(IV) bis(azides) exhibit larger coupling constants ( The 1 H NMR spectra of compounds 7-16 measured in CDCl 3
are quite similar to the spectra of the corresponding 1 and 2 exhibiting additional resonances due to the R substituent originating from the organic nitrile or cyclooctyne.
The presence of the desired species was detected in the 13 C NMR spectra of 1-16 recorded in CDCl 3 . All relevant carbon resonances of L CN and n-Bu or Ph substituents are accompanied by tin satellites (see Table S1 and detailed NMR characterization in the ESI †). As discussed above for the 1 H NMR spectra, significantly larger
Sn, 13 C) coupling constants are observed for the diorganotin(IV) azides 4-6 than for the triorganotin(IV) ones (1-3) which is in accordance with previously published data. [22] [23] [24] [25] [26] [27] [28] 33 Species 7-16 further exhibit resonances of the corresponding alkyl/aryl substituents (Me, Ph, t-Bu and Me 2 NCH 2 , respectively) or the C 8 rings at reasonable regions of the carbon NMR spectra. The formation of the respective tetrazolide ring of 7-14 is confirmed by the presence of a resonance found at higher frequencies (ranging from 158.1 ppm for 8 to 172.4 ppm in the case of 10) when compared to the signal of the starting organic nitrile (CRN fragment at ca. 110-125 ppm). 34 Similarly, a broad signal of the triazolide rings at 144.8 and 144.1 ppm is observed in the case of 15 and 16, respectively, along with the disappearance of the corresponding signal of the starting cyclooctyne (ca. 95 ppm). The 119 Sn NMR spectra of 1-6 measured in CDCl 3 exhibit only one resonance significantly shifted to lower frequencies with respect to the starting C,N-chelated organotin(IV) halides (Table S1 , ESI †). The same trend was described recently for other structurally related organotin(IV) pseudohalides bearing the C,N-chelating ligand. 28 From another point of view and based on previous results, [22] [23] [24] [25] [26] [27] [28] 33 we assume that all organotin(IV) azides 1-6 are monomeric in solution. Owing to the presence of the C,N-chelating ligand(s), the central tin atom in compounds 1-5 is five-coordinate with a distorted trigonal bipyramidal geometry. In spite of the presence of two C,N-chelating ligands in the case of 3, we assume that only one of them is involved in the intramolecular N-Sn coordination and the presumed equilibrium between coordinated and non-coordinated bonding modes is too fast to be seen on the relatively slow NMR time scale. On the other hand, the central tin atom in monomeric 6 is clearly sixcoordinate due to the presence of two C,N-chelating ligands that are both involved in the intramolecular N-Sn interaction. C NMR spectra. This could be connected to the fact that two isomers probably coexist at low temperature, while the stable one is observable as a sole species at room temperature with the 1 H and 13 C NMR spectra being insensitive to that process. The infrared spectra of novel organotin(IV) azides 1-6 reveal very strong bands in the range of 2050 cm À1 (2) to 2066 cm À1 (4) which are characteristic for the n(NQNQN) stretching vibration. These bands diminish upon the formation of the tetrazolide or triazolide ring. All assignments were in good agreement with the literature. 
Solid state structural studies
The molecular structures of 2, 4, 6, 8, 10, 11 and 14a have been established using single-crystal XRD techniques. Suitable single crystals were obtained from the corresponding chloroform or dichloromethane solution by slow evaporation of the solvent in the air. 2.3.1 Molecular structures of 2, 4 and 6. The vicinity of the central tin atom in monomeric 2 adopts a distorted trigonal bipyramidal geometry (Fig. 2) . Owing to Bent's rule, 37 Two non-equivalent (axial and equatorial) azide moieties can be found in the molecular structure of 4 in which the tin atom is again five-coordinated with heavily distorted trigonal bipyramidal geometry (Fig. 3) . Owing to the presence of the two mentioned azide units, the intramolecular N-Sn coordination is even stronger (Sn1-N1 = 2.410(2) Å) than in the case of 2. The N1-Sn1-N2 interatomic angle of 169.83(8)1 differs only subtly from the ideal flat angle. The Sn1-N2 bond (2.183(2) Å) is noticeably longer than the Sn1-N5 bond (2.114(2) Å) due to the trans-effect of the donor pendant arm of the C,N-chelating ligand. Again, there is no dominant canonical form of the Sn-azide moiety (N2-N3 = 1.198(3) Å and N3-N4 = 1.147(3) Å; N5-N6 = 1.205(4) Å and N6-N7 = 1.145(4) Å, respectively). Both azide substituents are almost linear (175.6(3)1 and 176.3(3)1) and again bent at the nitrogen N2 and N5 (Sn1-N2-N3 = 119.87(19)1 and Sn1-N5-N6 = 120.7(2)1, respectively). A detailed investigation of the crystal packing in 4 revealed the presence of intermolecular N-Sn (3.278 Å, P r vdW (Sn, N) E 3.9 Å) 40 and NÁ Á ÁH-C (3.285 Å, 122.741) short contacts resulting from the interaction of the equatorial azide moiety from one molecule with the tin atom and the n-Bu substituent of the second molecule giving rise to an infinite chain (Fig. S1 , ESI †). The tin atom in monomeric 6 is octahedrally coordinated as a result of the C,N-chelate bonding of two L CN groups and two cis-bonded azide units (Fig. 4) . The C1 and C10 atoms are mutually in trans positions, while the intramolecularly coordinated nitrogen atoms are bonded in a cis fashion. The main deviation from the ideal octahedral geometry is the C1-Sn1-C10 (157.22(11)1 vs. ideal 1801) angle. The interatomic distances Sn1-N1 (2.487(3) Å) and Sn1-N2 (2.606(3) Å) mutually differ but are still within the range expected for intramolecular N-Sn interactions. In 6 each nitrogen of the ligand pendant arm is disposed trans to one azide moiety (N1-Sn1-N3 = 164.64(11)1 and N2-Sn1-N6 = 169.32(12)1). Both azide units exhibit nearly ideal linear arrangement (N3-N4-N5 = 176.2(4)1 and N6-N7-N8 = 175.6(4)1, respectively) and, similarly to the situation described for all previous compounds, the Sn-N 3 fragments are bent at nitrogen (Sn1-N3-N4 = 119.0(2) and Sn1-N6-N7 = 120.7(3)1, respectively . Unambiguous differentiation of the crystalline organotin(IV) tetrazolide regioisomers was established by XRD techniques. As mentioned vide supra the incorporation of the relatively small CH 3 CN fragment originating from the acetonitrile molecule within the heterocyclic ring provides the C,N-chelated dialkyl/aryltin(IV) 5-methyltetrazol-1-ide regioisomer of 8 (Fig. 5, Fig. S2 and S3, ESI †). Three independent molecules are present in the unit cell of 8, where two of them are a part of 2-D networks interconnected by solvating water molecules and the remaining one interacts via a non-covalent contact with the chloroform molecule only (Fig. S3, ESI †) . The vicinity of the central tin atom with distorted trigonal bipyramidal geometry in 8 is preserved which is in accordance with the 119 Sn NMR studies. The average intramolecular N-Sn interaction of ca. 2.46 Å is very strong and comparable with that discussed for 2 (2.459(19) Å). The average axial N-Sn-N interatomic angle of ca. 169.31 is even closer to the ideal 1801 than in 2 (168.03 (6)). The CN 4 tetrazolide ring is planar with a maximum torsion angle of 11 among all atoms. All interatomic distances in the CN 4 tetrazolide ring exhibit reasonable values (see the caption of Fig. 5 ) that were described for such heterocyclic systems.
39, 41 On the other hand, it is evident that at least partial p-electron delocalization must be considered due to the decrease of differences between formal N-N, NQN, C-N and CQN bond lengths 39, 41 or when compared to the interatomic distances reported for other organotin(IV) tetrazolides.
19b,c
Contrary to 8, the bulky t-butyl substituent requires the formation of C,N-chelated dialkyl/aryltin(IV) 5-t-butyltetrazol-2-ide regioisomers 9 and 10. The vicinity of the central tin atom in 10 adopts the same geometry as in the case of 8 with a slightly weaker intramolecular N-Sn coordination (2.522(2) Å; Fig. 6 ). Surprisingly, all nitrogen-nitrogen and carbon-nitrogen interatomic distances in the planar tetrazolide ring are mutually even closer (ranging from 1.321 to 1.345 Å) which suggests a higher degree of p-electron delocalization. Essentially the same trend was found for the molecular structure of 11 (Fig. 7) , which bears two n-Bu substituents on the central five-coordinated tin atom. All other interatomic distances and angles lie within the usual range for this class of compounds. In the case of 11, the Ph substituent is nearly co-planar with the N 4 C ring (maximum torsion angle of 4.81).
Finally, several single crystals of free 5-N,N-dimethylaminomethyl-1H-tetrazole 14a (Fig. S4 and S5 , ESI †) were obtained upon unintentional acidolysis of 14. It was found that 14a crystallizes as a centrosymmetric dimer due to the H-bonding between the N1 and N5 atoms. In this particular case the mutual differences between interatomic distances are significantly larger than discussed for 10 and 11, respectively.
Theoretical investigations
The formation of different regioisomers with respect to the substitution pattern of the nitrile reagent in the [3+2] cycloaddition reaction has prompted a theoretical study on selected compounds (8, 10, 11, 14, 15 and 16). The optimized geometries of all complexes (for more details see Fig. S6 and S7, ESI †) are in good agreement with the XRD data with a slightly underestimated intramolecular N-Sn interaction (ca. 7%, for comparison of the theoretical and experimental data see Table S5 , ESI †).
The DFT calculations confirmed that for the complexes formed in the reaction of organotin(IV) azides with nitriles bearing either a small or a flexible substituent (8 and 14) , the organotin(IV) 5-Rtetrazol-1-ide regioisomers are 0.4 (8) and 2.9 (14) kcal mol À1 lower in energy than the organotin(IV) 5-R-tetrazol-2-ide regioisomers. On the other hand, the organotin(IV) 5-R-tetrazol-2-ide regioisomers are predicted to be more stable when synthesized from nitriles with bulkier substituents (t-Bu and Ph for 10 and 11, respectively) which again correlates very well with the experimental findings. The relatively small energy differences between the studied regioisomers suggest that the exclusive formation of only one regioisomer in all studied reactions is affected by the kinetic effects similarly as described in the previous studies. 42 Alternatively, the regiospecificity of the studied reactions can be explained on the basis of the solid-state effects resulting in the crystallization of only one regioisomer from a solution where both isomers are present in a very rapid equilibrium.
Since the desired organotin(IV) triazolides were only formed in the reaction with cyclooctyne, the reactions of organotin(IV) azides 1 and 2 with cyclooctyne and substituted acetylenes were examined (the energy and Gibbs free energy differences for all the studied cycloaddition reactions are collected in Table S4 , ESI †). A mutual comparison of the DG values of the cycloaddition reactions reveals that the reactions of the organotin(IV) azides with the cyclic and acyclic alkynes are significantly more exergonic than the reactions with nitriles. Nevertheless, the previous studies showed that a high activation barrier kinetically hinders the formation of the respective triazolide complexes.
17b Therefore, the higher reaction rate of cyclooctyne can be explained by the bond angle deformation to ca. 1601, which is distorted toward the transition state of the cycloaddition reaction, resulting in a dramatic rate acceleration. 43 
Conclusion
We have expanded the family of known C,N-chelated organotin(IV) pseudohalides by the introduction of the azide substituent(s). The possible use of these compounds within the click chemistry (i.e. preparation of various organotin(IV) triazolides and tetrazolides) has been successfully authenticated. In addition, the C,N-chelated triorganotin(IV) azides 1 and 2 may be utilized as mild azidation reagents in the synthetic chemistry. Furthermore, C,N-chelated organotin(IV) azides may be used for bioorthogonal labeling of biologically active species. Finally, tri-and tetrazolides can serve as a source of heterocycles by simple protonolysis or via conversion with E-Cl bond(s) analogously to our fluorination agents described earlier.
44
All mentioned species are monomeric both in solution and in the solid state. Theoretical calculations proved the regiospecificity of the formation of the respective tetrazolides as well as a higher activation barrier of the reactions of azides with acetylenes.
Experimental section
General remarks
All reactions were carried out in the air unless stated otherwise. All reagents and solvents were obtained from commercial sources (Sigma-Aldrich). Caution! Sodium azide is extremely toxic. Handle with care! L CN (n-Bu) 2 were prepared according to published procedures.
NMR spectroscopy
The NMR spectra were recorded from solutions in C 6 D 6 , THF-d 8 and CDCl 3 on a Bruker Ascendt 500 spectrometer (equipped with a Z-gradient 5 mm Prodigy cryoprobe) at frequencies 1 H (500.13 MHz), 
Crystallography
The X-ray data (Tables S2 and S3 , ESI †) for colourless crystals of 2, 4, 6, 8, 10, 11 and 14a were obtained at 150 K using an Oxford Cryostream low-temperature device on a Nonius KappaCCD diffractometer with MoK a radiation (l = 0.71073 Å), a graphite monochromator in f and w scan modes. Data reductions were performed using DENZO-SMN. 46 The absorption was corrected by integration methods. 47 Structures were solved by direct methods (Sir92) 48 and refined by full matrix least-square based on F 2 (SHELXL-97). 49 Hydrogen atoms were mostly localized on a difference Fourier map, however to ensure uniformity of the treatment of the crystal, all hydrogen atoms were recalculated into idealized positions (riding model) and assigned temperature factors H iso (H) = 1.2U eq (pivot atom) or of 1.5U eq for the methyl moiety with C-H = 0.96, 0.97, and 0.93 Å for methyl, methylene and hydrogen atoms in aromatic rings, respectively, and 0.82 Å for N-H groups. The dynamic disorder of the co-crystallized solvent (CHCl 3 ) in the structure of 8 was treated by standard methods. 
ESI MS analysis
The MS spectra were measured on a Bruker MicrOTOF-QIII apparatus using the ESI source in the positive mode. The measurement parameters were adjusted as follows: the capillary voltage was 4200 V and the end plate offset was À500 V. The collision cell RF was 350 V pp . The nebulizer gas (N 2 ) pressure was 1.6 bar and the flow of drying gas (N 2 , heated to 180 1C) was 8 l min
À1
. Scans of MS spectra were carried out in the mass range of m/z 80-1550. For the HRMS measurements, the calibration on sodium formate clusters was used. The samples were delivered by direct infusion using a syringe pump (Kd-Scientific, KDS-100-CE, 0.5 mL Hamilton syringe, flow rate 180 mL min À1 ) coupled to the MicrOTOF-QIII mass spectrometer. For the MS/MS measurements, the precursor ions were isolated by the collision cell energy of 2 eV in the window of 2u and the product ions were obtained with collision cell energy increasing from 15 to 40 eV, depending on the compound studied.
IR spectroscopy
The IR spectra of neat samples were recorded on a Bruker Vector 22 FT-IR spectrometer using the ATR method at ambient temperature.
DFT calculations
All calculations were carried out using Density Functional Theory (DFT) as implemented in the Gaussian09 quantum chemistry program. 50 Geometry optimizations were carried out at the M06/cc-pVDZ(cc-pVDZ-pp for Sn) level of theory and the energies of the optimized structures were re-evaluated by additional single point calculations on each of all optimized geometries using the triple-z-quality cc-pVTZ(-pp) basis set. 51 Analytical vibrational frequencies within the harmonic approximation were computed using the cc-pVDZ basis set to confirm appropriate convergence to well-defined minima or saddle points on the potential energy surface. The Gibbs free energies G solv (cc-pVTZ) used to calculate the energy differences reported in this article (Table S4, 
SC = E solv (cc-pVDZ) À E(cc-pVDZ)
E(x) is the self-consistent field energy in the cc-pVDZ or cc-pVTZ basis sets respectively and TC is the thermal correction to the energy calculated for the cc-pVDZ basis set. G(cc-pVDZ) is the free energy at 298.15 K for the double-z-quality basis set. SC is the solvent correction calculated using E solv (cc-pVDZ), which is the self-consistent field energy in the SMD implicit solvation model using chloroform as solvent (e = 4.71) in the cc-pVDZ basis set. 
Synthesis
The general procedure for the synthesis of 1-16 is described. For details concerning both synthesis and spectroscopic characterization of all compounds see the ESI. † 4.7.1 General procedure for the preparation of 1-6. Starting C,N-chelated organotin(IV) halide (usually 1.0 mmol) was dissolved in diethyl ether or dichloromethane (ca. 10-15 mL). Sodium azide (usually 5.0 mmol) in water (ca. 10 mL) was then added and the final biphasic reaction mixture was stirred overnight. Afterwards, the water phase was separated and washed with diethyl ether or dichloromethane (2 Â 10 mL). The combined organic phases were dried over MgSO 4 . After filtration, the clear solution of the respective product was evaporated to dryness in vacuo giving 1-6 as crystalline solids or yellowish oils in yields up to 85%. 4.7.2 General procedure for the preparation of 7-16 Method A. Starting C,N-chelated organotin(IV) azide 1 or 2 was heated to reflux for the required period of time with an excess of organic nitrile in toluene giving pure 7-14 after evaporation of all volatiles in vacuo. Essentially quantitative yields of the desired products were obtained.
Method B. Starting C,N-chelated organotin(IV) azide 1 or 2 and a stoichiometric amount of organic nitrile or cyclooctyne were sealed under vacuum in the NMR tube in benzene-d 6 . Afterwards, the NMR tube was heated to 100 1C for a required period of time to achieve a complete conversion towards the desired products (11-16) of the [3+2] cycloaddition. Quantitative yields of the respective products were obtained.
